We developed an optical telemetry system for recording electrical signals associated with muscle and neuronal activities from freely walking crayfish under water.
Introduction
Electrophysiological techniques for recording muscle and neural activities from freely behaving animals are essential to understandings of the neuronal mechanism controlling animal behavior. Radio telemetry systems have been extensively used for biological signal recording from freely behaving animals on the ground and in the air (Albright et al., 1967; Mackey, 1970; Fisher et al., 1996; Ando et al., 2002) . In underwater condition, however, radio transmission has been impracticable for telemetry of electromyographic and neural signals due to high conductivity of water (Stasko and Pincock, 1977; Winter et al., 1984; Sisak and Lotimaer, 1998) . Kudo et al. (1999) developed an underwater antenna system for radio telemetry to transmit electroencephalographic signals from freely swimming fish. Their telemetry system could transmit signal ranging 1-40Hz, just enough for electroencephalographic studies but not for acquiring neuronal signals, in particular, spike activities.
An alternative medium for underwater telemetry in lieu of radio wave is light.
The optical wave does attenuate in water as radio wave, but its transmission in freshwater and seawater is relatively stable because the extinction coefficient of the 3 optical wave for water is relatively low (Hale and Querry, 1973) . The frequency range for optical transmission can be made wider than that for radio wave transmission so that fast biological signals such as spikes can be transmitted with a high fidelity.
Another problem in addition to the frequency response regarding underwater telemetry is the size of transmitter. Using common electric parts that are commercially available, downsizing of the transmitter has an inevitable limitation. We have been studying neurophysiological mechanisms underlying the behavioral context-dependent control of body posture during locomotion in crayfish (Yoshino et al., 1980; Takahata et al., 1984) . The subject has long drawn the attention of many investigators using many other freshwater and marine crustaceans (Davis, 1968; Sandeman, 1978; Fraser, 1990) . A useful telemetry system is vitally needed to push forward with further research on the subject as well as other behaviors of underwater animals. Our preliminary trial revealed that it would be possible to make a transmitter with the size small enough for crayfish and other large crustaceans using commercially available electric parts and batteries.
After making several trials, we could complete a wholly new optical telemetry system for practical use with underwater animals.
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In this paper, we report the technological details of the optical telemetry system together with the results of comparison experiments using both the newly developed system and conventional wired recording techniques applied for electromyographic and neural activity recording in crayfish. We also discuss the physiological significance of some of the data acquired in this study using the new optical telemetry system in freely moving crayfish under water.
Materials and methods

Animals and preparation
Adult crayfishes Procambarus clarkii, 10 -12 cm in body length and 1.6 -2.0 cm in carapace width and Pacifastacus leniusculus, 11 -12 cm and 2.0 -2.5 cm respectively, of both sexes were used. They were commercially obtained and kept in laboratory tanks. The transmitter was mounted on the ventral side of the carapace and fixed to the cuticular surface with adhesive ( Fig. 1A and B ). The weight of dual-and quad-channel transmitters coated with silicon for insulation was 13 g and 16.2 g respectively, including 2 button batteries (CR2032). The quad-channel transmitter was larger in volume than the dual-channel transmitter ( Table-1 ). Due to its larger volume, the quad-channel transmitter could be used with P. clarkii. The transmitter was always used with P. leniusculus. For recording of electromyograms (EMGs) from the putative mero-carpopodite flexor muscle, a pair of Teflon-coated silver wires (125 µm in diameter) was inserted to the cuticle of the anterior side of the meropodite. The musculature arrangement of meropodite was so complex (Bush et al., 1978) that exact identification of the recorded muscle was difficult. Although we tentatively identified 6 the recorded muscle as the meropodite flexor muscle based on the site of electrode insertion through the cuticle, the recording contamination could not be avoided completely: activities of other meropodite muscles, including the extensor and accessory flexor muscles, were concurrently recorded with the flexor activities in some experiments. The same silver wires were used for chronic recording of spike activities from the circumesophageal connective. The electrode was inserted into the body cavity through a small hole (5 mm × 5 mm) on the dorsal side of the cephalothorax. The location of the electrode was visually monitored and adjusted to the circumesophageal connective. Removed cuticle was put on the hole again and fixed by adhesive.
Recordings from the circumesophageal connective were made from resting animals that could move freely. A schematic diagram of the experimental set up for simultaneous underwater recording from four walking legs is shown in Fig. 1C .
Transmitter
We used modified pulse duration modulation/pulse interval modulation (modified PDM/PIM) for multi-channel recording of muscle and neural activities.
Electrical circuits of preamplifiers for each channel and the multiplexed signal modulator/transmitter unit are shown in Fig. 2 . The unit consisted of four preamplifiers, a distributor, counter, subcarrier modulator, main carrier modulator and a power regulator. Each preamplifier was made of low-dissipation CMOS analog ICs as a differential amplifier with the bandwidth of 0.15 -8.7 kHz. Signals from four amplifiers were multiplexed using a high-speed Si-gate CMOS IC (74HC4052, Toshiba, Tokyo) at the switching frequency of around 28 kHz supplied by a JK-type flip-flop counter (74HC107). A free-running multivibrator made from 2 monostable multivibrators (TC4538, Toshiba, Tokyo) provided a square wave in which the amplitude of each sample point in the multiplexed signal was encoded to the duration of pulses as the subcarrier signal having either high or low state (pulse duration modulation; PDM): the first high-state pulse encoded the amplitude of the first channel, the first low-state pulse that of the second and so on in the quad-channel transmitter (Matsumoto et al., 1980) . In the dual-channel transmitter, both the analog multiplexer and the counter for channel distribution were obviated so that the circuit became simpler and lighter. The duration time of the channel 1 pulse was 3 µs longer than other 3 channels for synchronization.
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The main carrier modulator generated short duration pulses (4 µs for 1 and 3 channel, 2 µs for 2 and 4 channel) at the edges of the high and low levels of the subcarrier square wave so that the pulse-duration-coded signal amplitude was further coded into the intervals of main carrier pulses having shorter duration (pulse interval modulation; PIM).
These PIM signals drove infrared light emission diode (IRLED; 880 nm, CL-1CL3, Kodenshi Corp.) with less power dissipation than PDM signals. Two lithium batteries (3V, CR2032) were used as power supplier for the circuit and IRLED. The circuit was mounted on an aluminum plate coated with acrylic resin and embedded in polyurethane, two lithium batteries coated with silicon, to make the whole transmitter waterproof.
Receiver and PPM de-modulation
The receiver/demodulating circuit is shown in Fig. 3 . PIM signals from the transmitter were received by four PIN-photodiodes (S6967-01, Hamamatshu photonics) having faster response characteristics than conventional photodiodes and phototransistors. We placed each PIN-photodiode in water (1 cm depth) at each corner of the tank filled with water to the depth of 12 cm: the photodiodes were 11 cm above 9 the tank bottom (Fig. 1C ). Received PIM current signals were converted to voltage signals by a current-voltage converter and then demodulated to analog signals by reverse processes of PDM/PIM modulation: PIM signals were demodulated to PDM signals and then to analog multiplexed signals that were further demodulated into 4 channels of analog data by a demultiplexor (Fig. 3) . The analog signals were fed into a digital audio tape recorder (TEAC, RD-135T) and, at the same time, converted to digital data using an A/D converter (Power Lab, ADInstruments) and software (Chart v4.2, ADInstruments). The transmitter could continuously work for more than 4 hours without changing batteries.
Results
Comparison with wired recordings
In order to test the performance of our optical telemetry system regarding the bandwidth and signal-to-noise ratio, we compared the optical recordings with those obtained by a conventional wired system using a differential amplifier commercially available for biological use (MEG-1000, Nihon Kohden; bandwidth selected to 0.15 -1 kHz). A pair of wire electrodes was implanted into the putative mero-carpopodite flexor muscle or the circumesophageal commissure of Procambarus clarkii, and for comparison, Pacifastacus leniusculus. The electrodes were simultaneously coupled to the wired system and to the transmitter by soldering followed by enamel-coat insulation.
EMGs and spike activities recorded by the 2 methods are compared in Fig. 4 .
Visual observation of these records shows that the recording quality for the EMG is comparable between the wired and optical transmission recording (Fig. 4A 1 ) . In order to compare these records quantitatively, we carried out the Fourier analysis using the conventional FFT algorithm (Chart v4.2, ADInstrument) with the Hanning window function. The power spectra thus obtained were also comparable in the bandwidth and maximal power frequency (Fig. 4A 2 ) . Each spectrum was normalized to the maximal noise power for comparison. On the other hand, the recording of spike activity obtained by the optical telemetry system had a higher noise level than that by the conventional amplifier system (Fig. 4B 1 ) . The noise amplitude was about ±3 µV in the optical transmission whereas it was about ±0.8 µV in the wired transmission. Due to such a high noise amplitude, it was difficult in the optical telemetry system to clearly discriminate the smaller amplitude spikes that could be unambiguously distinguished in the wired transmission. The frequency analysis by FFT supported this observation. The bandwidth of the optical telemetry recording system was wider than that of the wire-coupled recording system while the maximal power frequency remained almost the same. Since the amplitude of neuronal signals was smaller than that of EMG, the amplification gain had to be higher than EMG recording in both types of recording system. The high amplitude of baseline noise in the optical telemetry system was due to limited specification of the pre-amplifier used in the transmitter.
Muscle activity recording during free underwater walking
As described above, comparison of recordings obtained by optical and wired transmission revealed that our telemetry system could transmit both EMG and spike signals with physiological adequacy. In the present study, we applied the telemetry system to simultaneous recording of EMGs from walking legs of freely behaving crayfish under the water. In both tethered and non-tethered conditions, the leg movements during walking have been intensively analyzed both behaviorally and physiologically (Ayers and Davis 1977; Jamon and Clarac 1994; Domenici et al. 1998 ).
For understanding the neuronal mechanism underlying the initiation of walking in natural conditions, however, it remains to be undertaken to record and analyze the activity changes of leg muscles at the onset of walking in non-tethered animals. We made simultaneous EMG recordings from the meropodite of the 2nd and 3rd walking legs on both sides. Since the muscle arrangement in the meropodite is not very simple, it was difficult to determine from which muscle the recording was made. In the present study, we tentatively identified the recorded muscle to be the mero-carpopodite flexor (MCF) based on the site of electrode insertion through the cuticle.
Typical EMGs recorded simultaneously from the MCF of four legs using the 13 optical telemetry system are shown in Fig. 5A . Before walking, the MCF showed low activity in all legs. At the onset of the walking, the burst activity for stepping was preceded by an increase of muscle activity in all legs. The EMG records shown in Fig.   5A are partly expanded in Fig. 5B to show the muscle activity in more detail. It was noted here that the tonic increase of muscle activity preceded the onset of stepping which occurred simultaneously in all four walking legs. The increase in muscle activity preceding to stepping behavior and postural reflexes was also observed in wired recording from freely walking crayfish (Takahata et al., 1984) .
Discussion
In behavioral and physiological studies that require wireless transmission of biological signals, the radio telemetry system has so far been widely adopted (Albright et al., 1967; Mackey, 1970; Fisher et al., 1996; Ando et al., 2002) . Under the water, however, the high conductivity of water raises a high propagation loss making the underwater radio telemetry practically difficult (Stasko and Pincock, 1977; Winter et al., 1984; Sisak and Lotimaer, 1998) . In this study, we newly developed an underwater optical telemetry system for neurophysiological studies that could be used not only with crayfish and larger crustaceans but also with vertebrates of small sizes including fish, frog and reptiles. As can be seen in Table 1 , our optical telemetry system has sufficient specifications for underwater recording of biological signals. When compared with conventional telemetry systems, especially the radio telemetry system, the optical telemetry system can make more stable recording than radio telemetry system due to the use of light as the main carrier. On the other hand, the optical telemetry system has a disadvantage in its voluminous size, although the radio telemetry system would have the same disadvantage if it is to be made from conventional electronic parts commercially 15 available. Major points to be discussed here concern to what degree the transmitter interferes with the free behavior of the animal and to what extent it can be used practically.
Our telemetry system was originally developed for use with crayfish. The weight of the dual-and quad-channel transmitter under the water was 9 g and 6.2 g, respectively including batteries, corresponding approximately to 20 % of the animal weight. It has been reported that hawkmoth could freely fly when the moth was equipped with a microtransmitter weighing 20 % of the body weight (Ando et al., 2002) .
It would be safe to assume that our transmitter would also not prevent crayfish from walking around freely. The retention time of the lithium battery presently used was more than 4 hours. Use of smaller batteries would reduce the total weight of the transmitter although the recording time becomes shorter accordingly.
In this study, we placed a photodiode at each corner of the experimental aquarium (30 cm width × 40 cm depth × 15 cm height). This experimental area was not limited by signal extinction: we could record the signal wherever the animal was in this aquarium. We tested how far the signal could be transmitted using a larger aquarium and 16 confirmed that the signal was receivable at 50 cm from the transmitter. For transmission over longer distance, some modification of this system would be needed. Using the same transmitter, the number of photodiodes can be effectively increased to expand the experimental area. Changing the main carrier wavelength will be also effective: extinction of light having the wavelength of 625 nm, for example, is less than that of 880 nm (Hale and Querry, 1973) . In this case, it should be noted that the visual pigments of crustaceans are sensitive to light having the wavelength shorter than 600 -700 nm, the wavelength for maximal physiological sensitivity ranging from 505 to 570 nm (Goldsmith, 1972) . 
